Objectives: To test the hypothesis that loss of polymorphonuclear neutrophil tumor necrosis factor ␣ (TNF-␣) receptors during transmigration renders the exudate neutrophil refractory to TNF-␣-mediated stimulation of apoptosis; and to investigate the surface expression of Fas on both circulating and exudate neutrophils.
T HE STUDY of neutrophil apoptosis has been stimulated by the belief that neutrophils are implicated in the pathogenesis of persistent inflammatory states, including multiple organ dysfunction syndrome and adult respiratory distress syndrome. Neutrophils possess a variety of means of inducing tissue injury, 1 including the secretion of connective-tissue proteases capable of tissue destruction in septic shock. 2 There is an association between neutrophil number and level of activation and the degree of inflammation, 3 as well as pulmonary vascular permeability, 4 in patients with adult respiratory distress syndrome. Prevention of neutrophilsequestrationwillleadtoreduced tissue injury in multiple animal models. [5] [6] [7] In addition, clearance of neutrophils is associated with resolution of inflammation. 8 Neutrophil apoptosis, a genetically programmed form of cell death fundamentally distinct from necrosis, is the principal mode by which senescent neutrophils are cleared from circulation. 9 It has been suggested that an imbalance of granulocyte apoptosis and necrosis may be important in the pathogenesis of inflammatory disease. 10 Thus, the study of neutrophil apoptosis is vital to better understand the persistent inflammation common to patients with multiple organ dysfunction syndrome and adult respiratory distress syndrome.
RESULTS
As a check on our techniques for assessment of neutrophil apoptosis, we carried out a dose-response curve for TNF-␣ with circulating neutrophils from 7 healthy controls. Neutrophil apoptosis increased from a 15% baseline to 28% at 100-ng/mL TNF-␣ (PϽ.05). Exudate neutrophil apoptosis was delayed when compared with circulating neutrophil apoptosis (Figure 1) . The difference between exudate and circulating neutrophils was not significant at 2 hours because of limited data points. Significance was achieved at 6 hours (P = .008). Neutrophil apoptosis level of both circulating and exudate neutrophils equalized and reached a plateau after 24 hours. Incubation with 100 ng/mL TNF-␣ failed to accelerate apoptosis at 2, 6, or 24 hours (Figure 2 ). Exudate and circulating neutrophils were analyzed by cytofluorometer to determine their binding of TNF conjugated with PE. Median intensity of fluorescence of TNF-PE was significantly decreased (P = .001) in exudate neutrophils when compared with circulating cells (Figure 3) . In addition, the number of neutrophils positively staining with TNF-PE was significantly reduced (PϽ.001) in exudate neutrophils when compared with circulating neutrophils (Figure 4) . The median intensity of fluorescence as well as the number of cells that were positively expressing Fas, however, were not significantly different between circulating and exudate neutrophils ( Figures 3 and 4 , respectively).
COMMENT
There are 2 potential mechanisms suggested by previous studies to explain the observed delay in apoptosis after transmigration. First, neutrophil adhesion to the endothelial cell during transmigration may cause a delay in apoptosis. Watson et al 16 demonstrated a delay in apoptosis after cross-linking CD11a and CD11b; however, cross-linking L-selectin accelerated neutrophil apoptosis. The authors concluded that adhesion molecules may serve as modulators of neutrophil apoptosis. The second mechanism capable of causing delayed neutrophil apoptosis in exudate cells involves the products of the
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SUBJECTS
Twenty-one healthy human volunteers were recruited for the study. Exclusion criteria included history of infection within the previous 48 hours, severe chronic illness, immunosuppressive medication, and known malignant neoplasm. The study was approved by the Committee of Human Experimentation, Royal Victoria Research Institute, Montreal, Quebec.
MATERIALS AND REAGENTS
All preparations of neutrophils were kept in polypropylene tubes to prevent adherence. Neutrophil incubation was in dMEM (Gibco, Mississagua, Ontario), supplemented with 10% fetal bovine serum, 1% streptomycin-penicillin, and 1% L-glutamine (Gibco). Recombinant human tumor necrosis factor ␣ (TNF-␣) (Sigma Chemical Co, St Louis, Mo) was stored at −70°C in aliquots of 60 mL at a concentration of 2 ng/µL.
ISOLATION OF CIRCULATING NEUTROPHILS
Whole blood, 7 mL, was obtained from the subjects with the use of heparinized vacuum-sealed tubes (Becton Dickinson, Franklin Lakes, NJ), and circulating neutrophils were isolated with Macrodex/dextran-70 (Pharmacia Laboratories, Piscataway, NJ) and gravity sedimentation (60 minutes) followed by Ficoll-Hypaque (Pharmacia Laboratories) centrifugation. Cells were counted with a hemocytometer after staining with Turk solution, and suspended in medium at a concentration of 1 ϫ 10 6 cells per milliliter.
ISOLATION OF EXUDATE NEUTROPHILS
Skin window chambers were manufactured at the McGill University Workshop and used as previously described.
11
The technique follows the one described by Zimmerli and Gallin. 12 Briefly, exudate neutrophils were collected from skin windows placed on the volar aspect of the forearm. The forearm was sterilized with 10% povidone-iodine topical antiseptic followed by 70% isopropyl alcohol. Vacuum suction, 360 mm Hg, was applied through a plastic template for 60 to 90 minutes until 4 even 1.0 ϫ 1.0-cm blisters formed. These blisters were unroofed by means of sterile scissors, and a template consisting of four 1.0 ϫ 1.0-cm open-bottomed chambers was tightly applied with wide adhesive tape. The chambers were filled with 10% autologous serum, and the superior apertures were sealed with a sterile covering. After 16 to 18 hours, the exudate fluid, consisting of an almost pure (Ͼ98%) suspension of neutrophils, was aspirated. The chambers were rinsed 3 times with isotonic sodium chloride solution, and the fluid was transported immediately on ice to the laboratory. The neutrophils were sedimented at 400g at 4°C for 5 minutes. Neutrophil viability was confirmed to be greater than 95% by propidium iodide exclusion. Neutrophils collected from skin windows were counted with a hemocytometer after staining with Turk solution and suspended in medium at a concentration of 1 ϫ 10 6 cells per milliliter.
NEUTROPHIL INCUBATION
Both circulating and exudate neutrophils were incubated in culture medium at 37°C with 5% carbon dioxide for varying periods of time. The cells were shaken gently with a mixer (Thermolyne Rotomix; Diamed, Mississauga, Ontario). Next, 1 ϫ 10 6 cells were incubated in 1 mL of medium in polypropylene tubes. Varying concentrations of TNF-␣ (see the "Results" section) were added to the cell suspension immediately before cell incubation.
QUANTIFICATION OF NEUTROPHIL APOPTOSIS AND NECROSIS
After incubation, cells were removed from the incubator, sedimented (400g at 4°C for 5 minutes), washed with phosphate-buffered saline, sedimented, and suspended in 1 mL of binding buffer (10-mmol/L Hepes/sodium hydroxide, pH 7.4; 140-mmol/L sodium chloride; 2.5-mmol/L calcium chloride). Then 100 mL of the cell suspension in binding buffer was added to 5 mL of annexin V-fluorescein isothiocya-inflammatory process. These include lipopolysaccharide and a host of inflammatory cytokines including interleukin 1, interferon gamma, granulocyte colonystimulating factor, granulocyte-macrophage colonystimulating factor, and interleukin 2. [17] [18] [19] [20] As neutrophil survival in the extravascular environment is necessary for eradication of the inflammatory stimulus, it is likely that multiple pathways may lead to a delay in apoptosis in the exudate inflammatory environment.
As with the delay in apoptosis during transmigration, the loss of TNF-␣ receptors may be secondary to engagement of adhesion molecules. One report suggests that neutrophil adherence, involving L-selectin and the CD11/CD18 integrins, mediates down-regulation of the TNF receptor. 17 Thus, the neutrophil may shed its TNF receptor before even entering the exudate environment. This would suggest that TNF-␣ will influence the neutrophil in an endocrine fashion only (ie, in circulation), and not through a paracrine manner (ie, in the exudate environment). This may help explain the uncontrolled neutrophil activation seen in severe sepsis when systemic levels of TNF-␣ are elevated.
Neutrophil activation in the inflammatory milieu may provide the second mechanism for loss of neutrophil expression of TNF-␣ receptors. The TNF-␣ receptors are shed when neutrophils are activated in vitro with f-met-leu-phe (FMLP). 18 The authors also noted that neutrophils shed their TNF-␣ receptors rather than internalize them and/or decrease their synthesis of the TNF receptor. The TNF-␣ itself has also been demonstrated to cause a loss of neutrophil TNF receptors (because of receptor endocytosis), in addition to other inflammatory mediators, including C5a, plateletactivating factor, leukotriene B 4 , endotoxin, and FMLP. 19 The same authors found that activation mediated by TNF-␣ in vitro is more potent when neutrophils are adherent, rather than in suspension. As TNF-PE was used to detect both TNF receptors on the nate (FITC) (Pharmingen Canada, Mississauga) and 10 mL of propidium iodide (Sigma, Oakville, Ontario) and incubated in the dark for 30 minutes at room temperature. After incubation, 400 mL of binding buffer was added to cell suspension, and flow cytometric analysis followed immediately.
Cells were analyzed with a cytofluorometer (FACScan, Becton Dickinson). This technique takes advantage of a redistribution of plasma membrane phospholipids in the early stages of apoptosis. Phosphatidylserine, which normally resides on the inner membrane leaflet, has been shown to be expressed on the outer membrane as an early feature of apoptosis regardless of initiating stimulus. 13 Annexin V conjugated to FITC will bind specifically to phosphatidylserine and thus can be used to quantify the number of cells expressing phosphatidylserine and undergoing apoptosis.
14,15 Propidium iodide was used to stain cellular DNA. For propidium iodide to stain DNA, the cellular membrane must not be intact. These cells are thus determined to be necrotic. Propidium iodide fluorescence was plotted against annexin V-FITC fluorescence; the data were registered on a logarithmic scale. At least 5000 events were recorded for each sample.
CELL SURFACE ANALYSIS
Whole blood, collected in 7-mL sterile specimen tubes with EDTA as anticoagulant (Becton Dickinson), was kept on ice until analysis (begun immediately). Exudate neutrophils were analyzed as soon as they were suspended in medium at a concentration of 1 ϫ 10 6 per milliliter. The TNF receptor density was analyzed by means of TNFphycoerythrin (PE) (R&D Systems, Minneapolis, Minn) in the following manner. In 5-mL tubes, 10 µL of TNF-PE was incubated along with 100 µL of whole blood for 30 minutes at room temperature in the dark. Subsequently, 2 mL of monoclonal lysing solution (1 L of distilled water, 8.26 g of ammonium chloride, 1 g of potassium bicarbonate, and 0.037 g of sodium EDTA) was added to the mixture, and again it was stored in the dark for 10 minutes. After the neutrophils were sedimented (400g at 4°C for 5 minutes), the cells were washed twice with phosphate-buffered saline with 1% fetal bovine serum and 0.1% azide (Sigma).
Cells were finally suspended in 2% paraformaldehyde (Fisher Scientific, Missassagua) and promptly analyzed by flow cytometry. Specificity of the TNF-PE reaction was ascertained by means of a TNF blocking antibody (R&D Systems) before incubation. Exudate neutrophils were prepared in exactly the same manner, except the lysing step was omitted. An antibody (mouse anti-human IgG1) to Fas conjugated with FITC (Pharmingen Canada) was used to assess the density of expression of Fas on the outer membrane of the neutrophil in the same manner (10 µL of Fas antibody-FITC and 100 µL of whole blood or exudate neutrophils in medium). Median intensity of fluorescence was chosen over mean, as the fluorescence distributions were often skewed. The threshold to determine positivity was fixed so that the negative control was at least 95% negative. The negative control used for TNF-PE was streptavidin-PE (R&D Systems), and the negative control for the Fas-FITC was IgG1-FITC (Pharmingen Canada).
FLOW CYTOMETER CALIBRATION
The cytofluorometer was calibrated weekly to ensure no overlap of propidium iodide and annexin V-FITC fluorescence spectra by means of Calibrite beads (Becton Dickinson). In addition, QC3 beads (Becton Dickinson) were used to calibrate the intensity of fluorescence for every use of the cytofluorometer. The QC3 beads allowed for standardizing of the intensity of fluorescence, which is proportional to the density of surface receptors. The settings both for apoptosis and for cell surface analysis were altered when required to ensure that the intensity of fluorescence of the beads remained the same throughout the study. Cells were plotted on forward scatter vs side scatter; debris was excluded by means of a neutrophil gate.
DATA ANALYSIS
All results are expressed as mean ± SD. Statistical significance (PϽ.05) was determined by the paired Student t test, with the Bonferroni correction when multiple tests were performed simultaneously. Statistical significance is indicated on the figures to follow. The number of subjects used for each test may vary, as the yield of the exudate cells would also vary. neutrophil in this experiment, the observed reduction in TNF binding may be secondary to down-regulation of either the 55-kd or the 75-kd receptor, or both. Nonetheless, the loss of TNF receptors on neutrophils appears to be fundamentally important to neutrophil survival in the inflammatory exudate environment.
Although the loss of TNF-␣ receptors helps explain neutrophil survival in the extravascular inflammatory environment, the mechanism leading to neutrophil apoptosis and clearance and the resolution of inflammation remains unsolved. The Fas-Fas ligand (FasL) apoptotic pathway has received considerable attention in the regulation of phagocyte apoptosis, as it plays a critical role in the regulation of T-cell development and apoptosis. [20] [21] [22] Although neutrophils are highly susceptible to rapid apoptosis after incubation with anti-Fas IgM antibody, this may be suppressed with a variety of inflammatory mediators, including granulocyte colony-stimulating factor, granulocytemacrophage colony-stimulating factor, interferon gamma, and TNF-␣. 23 Thus, elevated levels of TNF-␣ in the exudate inflammatory environment may prolong neutrophil survival by inhibiting the Fas-FasL apoptotic pathway. The importance of soluble FasL vs membrane-bound FasL in the exudate environment remains under investigation. Activated T cells have been shown to secrete soluble FasL. 24 Constitutive expression of both Fas and FasL on the neutrophil cell surface (a unique feature among the phagocytes) suggests that the neutrophil may be irrevocably committed toward an apoptotic cell death. 23 Regardless of the exact mechanism, our demonstration that expression of Fas is maintained after transmigration lends further support to the Fas-FasL pathway in neutrophil clearance in the exudate environment. Neutrophils also undergo apoptosis after bacterial ingestion, 25 providing a second possible mechanism for neutrophil clearance in the inflammatory milieu. The full understanding of neutrophil transmigration and subsequent clearance from the exudate inflammatory environment 
Statement of Clinical Relevance
This work clarifies the mechanism by which neutrophils turn off their self-destruct mechanism when migrating outside of the blood vessel into areas of infection so as to be able to survive and fight the infection. Whether this has negative side effects, such as allowing the neutrophil to survive longer and therefore cause extracellular damage, remains to be seen.
may provide important clues to prevent or treat persistent inflammatory states responsible for significant morbidity and mortality in the surgical intensive care unit. 
DISCUSSION
David L. Dunn, MD, PhD, Minneapolis, Minn: This is certainly an interesting presentation and it points out the complexity of the host response. Dr Christou's group has spent quite a bit of time trying to dissect this out in the clinical setting, and they are to be applauded for that. This study shows us the different levels potentially that regulation occurs at in relation to inflammation and infection.
Having said that, I would just like to make one point. We had a very, very broad, sweeping view a decade ago of the host response to inflammation. We knew that cytokines were important, but we really didn't understand why. We knew that the cellular response was important. And it is clear from this, as well as other presentations that are on the program of this annual meeting, how far we have come.
However, we still have got quite a way to go. This presentation points out the fact that we know much more about how host defenses target to infection, we know more about how the response is limited at that point and infection is contained, but I don't think we really understand very well the interactions between the various host defense components, and I would challenge all of us in the room that that is where we need to work on things.
I have a number of questions, some of which are technical and others are somewhat philosophical, if you will, in relation to how you think that your data will help us explain some of the interactions in host defense components.
First, one of the things that you stated very clearly was that TNF receptors are shed, and I would caution you on that. Although there is a large body of evidence supporting that, I don't think that you directly examined that, and until you examine TNF-BP either at the tissue or the systemic level, I think that you should probably use the term modulate, and I would ask you to comment on that.
Secondly, I am intrigued by your techniques here in using the tissue window and essentially being able to examine PMNs, but do you think that that technique in and of itself alters the PMNs at all within the tissue environment?
And then thirdly, have you examined the various TNF receptors? There are 2, of course. Which ones are important here? There are intriguing experimental data using knockout mice that indicate that there is a great deal of importance to which receptor is shed into that environment.
And lastly, what I am more intrigued by was, are you going to examine monocytes and macrophages, because it seems clear that the way that the TNF response is occurring systemically, a very short burst of TNF may not be what is occurring at the tissue level. And your studies go far to provoke thought in that area.
Dr Seely: Thank you very much, Dr Dunn, for your comments and questions. Your first question addressed whether or not the receptors are shed or internalized, and that is an excellent question, and there are conflicting reports in the literature whether or not TNF receptors are shed or internalized depending on the stimulus. And you are correct in saying we did not address that question, and in fact I have altered the title of this presentation to say that there is a reduction in TNF receptors, because we do not know if they are shed or internalized. We have evaluated the quantity of TNF receptors in the exudate fluid and found it to be markedly elevated only in patients with sepsis rather than the controls, but we are still addressing this question that you asked.
Secondly, you asked if the technique of collecting exudate PMNs will alter those PMNs themselves. It is unclear whether or not there is any alteration to the PMN using our technique. We are using a sterile technique, collecting exu-
